Hall-effect in LuNi2B2C and YNi2B2C borocarbides: 

a comparative study 
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The Hall effect in LuNi2B2C and YNi2B2C borocarbides has been investigated in normal and 
superconducting mixed states. The Hall resistivity p^^y for both compounds is negative in the 
normal as well as in the mixed state and has no sign reversal below Tc typical for high- Tc super- 
conductors. In the mixed state the behavior of both systems is quite similar. The scaling relation 
Pxy ~ Pxx {pxx is the longitudinal resistivity) was found with f3 — 2.0 and 2.1 for annealed Lu- 
and Y-based compounds, respectively. The scaling exponent /3 decreases with increasing degree of 
disorder and can be varied by annealing. This is attributed to a variation of the strength of flux 
pinning. In the normal state weakly temperature dependent Hall coefficients were observed for both 
compounds. A distinct nonlinearity in the pxy dependence on field H was found for LuNi2B2C in 
the normal state below 40 K, accompanied by a large magnetoresistance (MR) reaching -1-90% for 
H = 160 kOe at r = 20 K. At the same time for YNi2B2C only linear pxy{H) dependences were 
observed in the normal state with an approximately three times lower MR value. This difference in 
the normal state behavior of the very similar Lu- and Y-based borocarbides seems to be connected 
with the difference in the topology of the Fermi surface of these compounds. 

PACS numbers: 74.72.Ny; 72.15.Gd; 74.60.Ec 



I. INTRODUCTION 

Investigation of the Hall effect in the normal and super- 
conducting mixed states gives an important information 
about the electronic structure and the vortex dynamics of 
the investigated materials. The nature of both of them is 
not settled yet for the superconductingjauaternary boro- 
carbides i?Ni2B2C {R=Y, rare earth) BBDespite the fact 
that the borocarbides have a strongly anisotropic, lay- 
ered tetragonal crystal structure, their electronic prop- 
erties indicate_th|ree-dimensionality showing only a lit- 
tle anisotropy.LTu Borocarbides based on magnetic rare 
earths show a wide range of competing effects between 
superconductivity and magnetism, see, e.g., Ref. 10. One 
of the interesting features of some borocarbides (i?=Er, 
Lu, Y) iS|-tb£-.vortex lattice (VL) with unusual square 
symmetryllJliJ observed in the mixed state for magnetic 
fields H directed along tetragonal c-axis at-H-^ 1 kOe. 
Square symmetry of VL can be connectedOEl with the 
anisotropy of the upper critical magnetic, rfield Hc2 (T) 
observed in the afo-plane for LuNi2B2C.&B PracjtJeally 
no anisotropy of Hc-^iT) was found for YNi2B2Cj3^Ll al- 
though this compound is very similar to LuNi2B2C. The 
reason for the difference in the behavior of these two 
borocarbides is still unclear. 

To our knowledge, no data on the Hall effect for 
LuNi2B2C ai^d-oajly few for some other borocarbides are 
known so far.t£l'E3 Namely, normal state Hall coefficients 
Rh were found to be negative and only weakly temper- 
ature dependent for polycrystalline borocarbides based 



on i? = YJil Ho,lil0 La,[l and GdEl. A negative 
but strongly temperature dependent Hall coefficient was 
found for the heavy- fermion- like compound YbNi2B2C.t£l 
No sign reversal of the Hall resistivity pxy in the mixed 
state typical for high-Tc superconductors was observed in 
YNi2B2C,t3 prepared under high pressure. The mixed- 
state Hall effect was not yet systematically studied for 
borocarbides. Since the mixed state Hall effect may de- 
pend on the peculiarities of the vortex lattice, it is of in- 
terest to investigate it for LuNi2B2C and YNi2B2C with 
an anomalous square VL. Also it is interesting to com- 
pare the results on the Hall effect in the normal and in the 
mixed states for Lu- and Y-based borocarbides, having 
substantially different types of anisotropy of the upper 
critical field. 

The Hall effect in the superconducting mixed state, 
which was studied up to now mainly for high- Tc super- 
conductors, has recently attracted a considerable atten- 
tion and should be described in more detail. The mag- 
netic field penetrates into a type-II superconductor by 
quantum vortices. In a transport current the flux lines 
experience the Lorentz force density: 
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where j is the transport current density and B is the 
magnetic induction. The motion of vortex lines indoices 
a macroscopic electric field E given by the relation:Ej 



E = -ivL xB, 



(2) 



where v^ is the velocity of vortex motion. The vortex 
motion along the Lorentz force (perpendicular to j) gives 
the dissipative field (E || j) and leads to the flux- flow re- 
sistivity. At the same time the vortex motion along the 
direction of transport current results in the Hall electric 
field (E ± j,B). Thus, the Hall effect is a sensitive test 
of vortex dynamics in the investigated material. On the 
other hand, normal carriers in the vortex core, experienc- 
ing a Lorentz force, can also give a contribution to the 
mixed state Hall effect by the usual mechanism. 

Two unexpected effects have been experimentally 
found for high-Tc superconductors: (i) a sign reversal of 
the Hall resistivity pxy below T^ and (ii) a striking scaling 
relationship between p^y and the longitudinal resistivity 
Pxx in the superconducting transition region, pxy ~ p^^ ■ 

Sign reversal of the Hall resistivity pxy has been 
observed experimentally over a range of tempera- 
tures and magnetic fields below Tc for several times, 
of high-Tc supexeaaductors, e.g., YBa2Cu307_yjHj'EJ 
Bi2Sr2CaCu208,BELTl2Ba2CaCu208j^L2-xCexCu04 
(L = Nd, rSm)£30 YBa2Cu307_y/ PrBa2Cu307_y 
superlatticesEl^Ea (YBCO, BSCCO, TBCCO, LCCO, 
YBCO/ PBCO respectively), as well as for some con- 
ventional superconductors: J*irPb alloys, V, Nb (see Ref. 
1^), Mo3Si,ia 2H - NbSe2.Ell This HaU effect anomaly 
cannot be understood Arathin the framework of. the clas- 
sical Bardeen-Stephcr£3 and Nozieres-VinerH theories 
of vortex motion predicting the same sign of the Hall 
voltage for both the superconducting and the normal 
state. Recently several models based on different ap- 
proaches have been proposed for the description of this 
effect (see, e.g., Refs. p4|-p9| and references therein), but 
the origin of this phenomenon remains a controversial 
problem. Meanwhile, the sign reversal of pxy below Tc 
is expected to be not a universal property, but it's ex- 
istence seems to dependent-cmpially on the peculiarities 
of the electronic structurcE^TEa Experimentally the pro- 
nounced influence of the doping level on the sign of the 
Hall volt^e-close to Tc was observed for various high-Tc 



cupratesJlj^Eil The sign reverj&al of the Hall effect disap^. 
pears for heavily underdopedcj and strongly overdopedO 
regimes. 

Scaling behavior, Pxy ^ Pxx j ^^ the superconducting 
mijSfid state was observed for the first time by Luo et 
alB for an YBCO thin film (/3 = f.7). The same rela- 
tionship was also found for several types of higk-jTc super- 
conductcpa: YBCO single crystals, (P « f .7),ba BSCQO. 
(/3 « 2)|23 TBCCO (/? « 2),Eay LCCOr-^^w 0.8), B 
(YBCO/PBCO) superlattices (/3 « 1.7).Eika In a re- 
cent investigation of superconducting iiidjium thin films 
scaling with /? value. 2-^3 was observedJl3 Theoretically, 
Dorsey and Fishero (DF) have interpreted the observed 
behavior in the framework of glassy scaling near a vortex- 
glass transition. In their model, assuming the existence 
of a vortex-glass transition in a three-dimensional vor- 
tex system, the region where scaling behavior should 
be observed is restricted to a narrow region near the 
vortex-glass transition. However, it should be mentioned 



that scaling behavior was observed far beyond the possi- 
ble vortex-glass transition.Eil A phenomenological model, 
based on an entirely different approach, has been pro- 
posed by Vinokur et aZ.JlZl who have calculated the ef- 
fect of pinning on the Hall resistivity. In their model 
the Hall conductivity axy = Pxy/plx i\Pxy\ < Pxx) is 
independent of disorder and the scaling law Pxy^pi^x is 
believed to be a general feature of any vortex state with 
disorder-dominated dynamics. Therefore, the value of 
(3 = 2 should not depend on the degij©e of disorder. On 
the other hand, Wang, Dons-and Tingp3 (WDT) recently 
modified their earlier work,Eil based on the. normal core 
model proposed by Bardeen and Stephcn.E3 They devel- 
oped a theory for the Hall effect including both pinning 
and thermal fluctuations. In the WDT theory scaling 
and sign reversal of pxy are explained by specially tak- 
ing intOpajccount the backflow current of vortices due to 
pinningJlS Thereby, /? changes from 2 to 1.5 as the pin- 
ning strength increases O'tj Controversial experimental 
results have been reported on the influence of disorder on 
the mixed-state Hall effect. For irradiated YBCO sam- 
ples, /3 was found to h^ 1.5 ± O.f compared to 2 ± 0.2 
for unirradiated ones,ca in accordance with WDT (see 
also Refs. p6|-p8|). However, no influence of disorder on 
the scaling exponent was observed for TBCCO irradi- 
ated by heavy iOHiS. In that case, B = 1.85 holds even 
after irradiation,Ej (see also Ref. BOh. A strong influence 
of pinning on the Hall effect iit-thc mixed state was ob- 
served of YBCO single crystalsEJ At the same time it was 
pointed out in Ref. |40| that pinning effects cannot be the 
only reason for the Hall anomaly for YBCO single crys- 
tals. All these controversial results show that more work 
is necessary for better understanding of the mixed-state 
Hall effect and the influence of disorder on it. 

Very recently Wang and MakiE3 have interpreted the 
anisotropy of Hc2 (T) observed for borocarbides in terms 
of a three-dimensional version of dx^^y^ superconductiv- 
ity. Possible d wave nature of superconductivity for boro- 
carbides gives an additional motivation for further study 
of their electronic properties. In the present study we 
have investigated the Hall effect in the normal as well 
as in the mixed state for LuNi2B2C and YNi2B2C com- 
pounds prepared under the same conditions. The results 
for LuNi2B2C have been briefly reported in Ref. Bsl. 



II. EXPERIMENTAL DETAILS 

Polycrystalline LuNi2B2C (in the following denoted as 
PC AN) and YNi2B2C samples were prepared by arc- 
melting in Ar atmosphere and subsequent careful anneal- 
ing at 1100 °C, as described in more detail in Ref. |5J. 
The phase purity of the samples was checked by X-ray 
diffraction on a Philips PW 1820 system with CoKq radi- 
ation. The reflections revealed practically a single phase. 
The lattice parameters were a=3.464 A, c=10.635 A for 
LuNi2B2C and a=3.528 A, c=I0.546 A for YNi2B2C. 



Bar-shaped samples were cut from the ingots. Typical 
dimensions of the samples were 3 x 1 x 0.3 mm'^. Hall con- 
tacts with typical misalignment of less than 0.1 mm were 
used (this is essential because the maximum of the Hall 
voltage does not exceed several tens of nanovolts). At 
each point the Hall voltage was measured for two inverse 
directions of the magnetic field. Most measurements of 
the Hall effect and of the ac-susceptibility were done in 
magnetic fields up to 50 kOe using a Lake Shore model 
7225 susceptometer with Keithley 182 nanovoltmeter and 
PAR-5209 Lock — in amplifier. Some measurements in 
magnetic fields up to 160 kOe were performed using an 
Oxford Teslatron system. The values of electrical current 
were 10-20 mA for dc measurements and 1 mA for ac 
ones. The magnetoresistance (MR) was measured by the 
standard four-probe method. For comparison some mea- 
surements were performed on an unannealed LuNi2B2C 
sample (denoted as PC UNAN) wich has a considerably 
higher degree of disorder. 



III. RESULTS AND DISCUSSION 
A. Resistivity and upper critical magnetic field 

The experiments in the present work have been per- 
formed on polycrystalline samples (to the best of our 
knowledge, no data on the Hall-effect for single crystalline 
borocarbides have been reported so far). For character- 
ization of our samples the results on resistivity, upper 
critical field and magnetoresistance for them will be com- 
pared with data known for single crystals. 

The temperature dependencies of the longitudinal 
resistivity Pxx{T) for the annealed LuNi2B2C and 
YNi2B2C samples are depicted in Fig. nl The Pxx{T) 
curves obtained at H=5Q kOe and 160 kOe are also 
shown. The resistivity of both compounds exhibits a 
weak temperature dependence just above superconduct- 
ing transition temperature Tc. Both samples have a 
rather sharp superconducting transition, a low resistivity 
at low temperatures and high values of Tc and the resid- 
ual resistance ratio RRR (RRR=pa;x(300 K)/p2,^(17 K)). 
These parameters are compared in Table || with those 
reported— cecently for LuNi2B2C and YNi2B2C single 
crystals.oEI'Qfl It should be pointed out, that the resis- 
tivity of borocarbides is practically isotropic. The small 
difference (« 2%) between the in-plane resistivity pa and 
the resistivityj-along the c-axis pc observed for YNi2B2C 
single crystala] at r=15-^300 K is well within the experi- 
mental uncertainty. Thus, it is reasonable to compare the 
values of resistivity for polycrystalline and single crys- 
talline borocarbides. 

More precisely, the value of Pxx{^'^ K) for the an- 
nealed polycrystalline LuNi2B2C sample is 2.7 /xJ7cm, 
which is close to that for LuNi2B2C single crystals 
(1.6^2.5 pflcm, Refs. |||i,|), see Table |. The 
value of RRR is 41 for our LuNi2B2C sample, which 
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FIG. 1. Longitudinal resistivity p^x as a function of tem- 
perature T at H=0, 50, and 160 kOe for the annealed 
LuNi2B2C and YNi2B2C samples. 



is significantly higher than those observed for single 
crystals (23^27, see Refs. |5|,|,0). Also the value of 
Tc=16.7 K is slightly higher than that reported for sin- 
gle crystals (15.8^16.5 K, see Refs. |5|,|0|). The width 
of the superconductig transition ATc (determined from 
zero field ac-susceptibility curve, see Fig. m) is 0.27 K 
which is clcfic-to the values 0.2-^0.25 K typical for sin- 
gle crystals.Byi3 The PC UNAN LuNi2B2C sample has 
a lower Tc (14.7 K), a wider superconducting transition 
and a more than one order of magnitude higher value of 
Pxx{l7 K). 

For the polycrystalline YNi2B2C sample the values of 
Pxx{i7 K), RRR, Tc and ATc are also comparable 
the results reported for YNi2B2C single crystals]^ 
see Table H. At the same time our YNi2B2C sample 
has an approximately two times lower RRR value than 
LuNi2B2C prepared under the same conditions. 

The results for the resistivity Pxxi^OO K) collected in 
Table m show surprisingly large discrepancies even for the 
single crystals. Thus an intersection of the Pxx{T) de- 
pendencpS|Can be recognised for the two YNi2B2C single 
crystals.EatI These facts could be naturally understood 
taking into account the large uncertainty in geometrical 
factor used to determine the value of pxx from the exper- 
imentally measured resistance especially for small single 
crystals. To clarify this, linear Pxx{T) dependences for 
two imaginary samples of the same imaginary compound 
with different RRR values (10 and 4 for samples A and 
B, respectively) have been plotted in Fig. g. Mattissen's 
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FIG. 2. Temperature dependence of the resistivity for two 
imaginary samples (A and B) with different RRR values (10 
and 4, respectively). Line B' corresponds to the underesti- 
mated by 1/3 of p for sample B and has the same value of 
RRR as line B. See text for details. 



rule is expected to be valid for them, i.e. the differ- 
ence in resistivities does not dependent on temperature. 
Let us suppose, that the measurements of pxx{T) give 
the "true" values for the sample A and underestimate 
it by 1/3 of its "true" value for the sample B (e.g., due 
to the uncertainty in the dimensions of the sample, fi- 
nal width of the contacts, etc.). In that case for the 
sample B the obtained ("measured") Pxx{T) curve (de- 
noted as B' on Fig. g and having the same value of RRR 
as the curve B) will cross the curve for the sample A. 
This example illustrates that an uncertainty of geomet- 
rical factor of « 20 -;- 30% could explain the difference in 
room temperature resistivities and surprising intersection 
of the Pn^ff") dependences for the two YNi2B2C single 
crystals.E3u A strong support for this explanation is that, 
for single crystals of different quality known, one would 
expect close resistivity values rather at room tempera- 
ture than at low temperatures. We conclude that the 
quality of the borocarbide samples compared in Table m 
can be mainly judged from the RRR data, whereas resis- 
tivity values are strongly influenced by the uncertainty 
in the geometrical factor used for determination of pxx- 
Noteworthy, both room and low temperature resistivi- 
ties for our LuNi2B2C sample are close to those reported 
for the YNi2B2C single crystal wich has a similar value 
of RRREj as our policrystalline LuNi2B2C sample (see 
Table I). 

Superconducting transitions determined from ac- 
susceptibility measurements are shown in Fig. ^for differ- 
ent magnetic fields. Temperature dependences of upper 
critical magnetic fields Hc^iT) are depicted on Fig. ^ for 
the annealed and unannealed LuNi2B2C samples. (The 
value of Hc2 was determined, similar as in Ref. pL by 
the extrapolation of the ac-susceptibility curve to zero 
susceptibility value, see Fig. gA.) For comparison the 
data from Ref. || for a LuNi2B2C single crystal (SCR) 
with H |j<110> are also shown. The upward curva- 
ture (UC) in the Hc2{T) dependence is clearly visible 
near Tr. Note that, in accordance with Ref. p9, the 
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FIG. 3. Temperature dependence of the real part of 
the ac-magnetic susceptibility for the LuNi2B2C (A) and 
YNi2B2C (B) samples in several magnetic fields. The up- 
per critical field Hc2 was determined by linear extrapolation 
of the ac-susceptibility curve to zero susceptibility value, as 
shown in the upper part of the figure. Lines are guides for 
the eye. 



UC region is more pronounced and \dllc2ldT\ ia-higher 
for the annealed PC AN sample. This suggestsj£j that 
this sample is close to the clean limit in terms of tra- 
ditional theory of type-II superconductors. It is of in- 
terest to compare \dHc2ldT\ values for different sam- 
ples determined from the approximately linear parts of 
the i?c2(r) dependences (iJ=20^50 kOe). The value 
of \dH(.2/dT\=Q.% kOe/K, obtained for the annealed 
LuNi2B2C sample, is in good agreement with those de- 
termined for single crystals: 6.7 kOe/K (calculated by 
arithmetic averaging of \dHc2/0T\ data reported in Ref. 
I for three directions of iJ, ||<100>,<110>, and <001>), 
6.4 kOe/K (reported for H ||<001> for another sin- 
gle crystal in Ref. pa) and 6.2 kOe/K (calculated by 
arithmetic averaging of the data reported in Ref. H for 
H ||<100> and <001>). The -ffcaC^) dependence for 
our YNi2B2C sample is similar to that observed for the 
LuNi2B2C PC AN one and also is in good agreenieivt 
with the results reported for YNi2B2C single crystalsStI 
The value of \dHc2/dT\ for our YNi2B2C sample is 
6.0 kOe/K, see Table |. 

The low resistivity just above Tc, high RRR and Tc val- 
ues, narrow superconducting transitions, pronounced UC 
region in the Hc2{T) dependences and X-ray diffraction 
results give evidence for a good quality of our annealed 
LuNi2B2C and YNi2B2C samples. 



DU 

'a? 
O 40 


Ch 

/°\^ LuNi B C 

V '^, \ 2 2 


o 

X 

20 


PC AN X V,, \ 

— PC UNAN '\^--^\ 







- 0-. SCR X-oN 

— , — 1 — , — 1 — , — 1 — , — 1 — , — N^;--o:^.^ — 



4 6 8 10 12 14 16 18 
T(K) 

FIG. 4. Temperature dependence of the upper critical field 
Hc2 for three LuNi2B2C samples. Open symbols - the results 
of Ref. M for single crystal. Solid symbols - the results for PC 
AN and PC UNAN polycrystalline samples (see text). Lines 
are guides for the eye. 



B. Normal state Hall effect 

The temperature dependences of the Hall resistivity, 
Pxy{H), for LuNiaBsC PC AN and PC UNAN samples 
as well as for YNi2B2C sample in the normal and in the 
mixed states are shown in Fig. ^. First of all it should be 
emphasized that the Hall resistivity of all the samples is 
negative at 3.3 K< T <300 K, and has no sign reversal 
below Tc- 

In the normal state, a pronounced nonlinearity in the 
Pxtj{H) dependences is evident at T < 40 K for both 
LuNi2B2C samples. Linear pxy{H) dependences extrap- 
olated from the low fields region are also shown in Fig. 
^ by dashed lines. The deviation from linear pxy{H) 
dependence increases with lowering temperature. The 
anomaly is more pronounced for the annealed sample, 
although it is also distinctly seen for the unannealed 
one. More clearly the nonlinearity in the pxy{H) de- 
pendences can be seen in the insets of Fig. |^A and B 
where some results obtained in high magnetic fields (up 
to 160 kOe) are presented. It should be underlined that 
no nonlinearity in the pxy{H) dependence was observed 
for our YNi2B2C sample (see the inset of Fig. ||C). Ear- 
lier, lmeaj^pxy{H) dependeBees have been reported for 
YNi2B2Cll3 and YbNi2B2CE3 samples prepared under 
high pressure. No indications of nonlinear pxy{H) de- 
pendences have been-observed for Y-, Ho-, Gd- and La- 
based borocarbides.llEfEJ Thus, the nonlinearity in the 
Pxy{H) dependence, found for LuNi2B2C samples with 
essentially different quality, can be considered as an in- 
trinsic and specific property of the Lu-based borocarbide. 

A nonlinear and even nonmonotonous pxy{H) depen- 
dence has been found earlier for the heavy fermion su- 
perconductor UBciaES and haveJaeen interpreted in the 
framework of a two-band model.L3 In this model, at low 
fields, the light carriers with high mobilities give the 
prevalent contribution to the Hall effect, whereas at high 
fields the contribution of the heavier carriers having lower 
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FIG. 5. Absolute value of the Hall resistivity \pxy\ as a 
function of magnetic field H for the annealed (A) and unan- 
nealed (B) LuNi2B2C as well as for YNi2B2C (C) samples. 
The dashed lines are low-field asymptotes to the normal state 
curves. The inserts show the results for H up to 160 kOe. 
Open circles in the insets denote the data obtained for H < 
50 kOe. Only some representative curves and data points are 
shown. 
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mobilities is mote significant. Very recently a similar 
two-band modelEll has been used to interpret the results 
on the transport properties of Nd2-xCexCu04 epitax- 
ial thin filmSr-, In an entirely different type of multi- 
band modelSjEa the existence of at least two bands with 
significantly different Fermi-velocities was found to be 
very essential for the quantitative description of Hc^ (T) 
curves with sizable UC for the Lu- and Y-based borocar- 
bides. Several groups of carriers with different effective 
masses have teen directly observed for YNi2B2C in dHvA 
experinients.Ea Thus, some kind of a two-band model may 
be applicable for understanding of the nonlinear pxy{H) 
dependence found by us for LuNi2B2C borocarbide. 

In Fig. g the temperature dependences of the Hall coef- 
ficients Rh{T) = p^y{T,H)/H at iJ=50 kOe are shown 
for the annealed LuNi2B2C and YNi2B2C samples. Be- 
low ~60 K the Rh{T) dependence for LuNi2B2C shows 
a considerable deviation from the dotted line describing 
Rh{T) at H=50 kOe for higher temperatures. This de- 
viation is obviously connected with the nonlinearity in 
Pxy{H) curves shown in Fig. ^A. At low temperatures the 
values of the Hall cocfhcient on the dotted line in Fig. o 
(obtained by the extrapolation of the high temperature 
Rh{T) curve) coincide with the values of the low- field 
Hall coefficient, calculated at low temperatures using the 
low- field asymptotes for the pxy{H) curves (shown in 
Fig. ^A by dashed line). Only weak temperature de- 
pendences were observed for the low field Hall coeffi- 
cients of LuNi2B2C and YNi2B2C borocarbides. This is 
in agreement with the observation of a weak Rh (T) de- 
pendence for YNi2B2C in Rcfs. ^-^. Weak Rh{T) de- 
pendences wqse Imported also for La-, Ho- and Gd-based 
borocarbides Mo Below -60 K, the Rh{T) curve ob- 
tained for LuNi2B2C at H=50 kOe exhibits a pronounced 
temperature dependence connected with the nonlinear- 
ity found for pxy{H) at low temperatures. Noteworthy, 
that a strong decrease of the Hall cocfficicnL_was found 
with increasing temperature for YbNi2B2CJl3 borocar- 
bide having moderate heavy- fermion- like behavior. The 
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FIG. 7. Magnetic-field dependence of the longitudinal re- 
sistivity pxx for LuNi2B2C and YNi2B2C. In the insets abso- 
lute value of the Hall conductivity \(Jxy\ (in 1Q~^ pQ.~^ cm~^) 
vs. field is shown. Open circles in part A denote the results 
obtained for H < 50 kOe. Lines are guides for the eye. 



values of Rh obtained in this work for LuNi2B2C and 
YNi2B2C |a*p-comparable with those earlier reported for 
YNi2B2C,Eiy but they are about five times (LuNi2B2C) 
or ten times (YNi2B2C) smaller than pthe value result- 
ing from band structure calculations for LuNi2B2C 
(3 • lO^^m'^/C^STO^^^Ocm/Oe). These deviations may 
be caused by correlation effects in borocarbides. The 
estimation of the carrier density from the Rh value at 
T=300 K, by using a single band model which is a rough 
approximation, gives 1.5 and 2.4 carriers per unit cell 
for Lu- and Y-based borocarbides, respectively. (The 
estimation of the carrier density for YNi2B2C prenared 
under high pressure gives 0.6 carriers per unit celO, i.e. 
about four times smaller than present result and values 
reported in Refs. fsUl^. Probably this difference is con- 
nected with high sensitivity of the Hall coefficient for 
method of sample preparation.) 



C. Normal state magnetoresistance 

In Fig. ^the field dependence of the longitudinal resis- 
tivity Pxx\H) is shown for the annealed LuNi2B2C and 
LuNi2B2C samples. The values of magnetoresistance 



MR = 



PxxjH) - PxxjO) 
Pxx{0) 



(3) 



for the annealed LuNi2B2C sample at T = 20 K are as 
high as 25% and 90% for H = 50 kOe and 160 kOe, 
respectively (see also Fig. |l|) . At the same time consider- 
ably smaller values of MR were observed at these fields 
(10% and 33%, respectively) for the YNi2B2C sample, 
prepared under the same conditions as the Lu-based one, 
see Table |. It should be underlined, that a magnetore- 
sistance of only «7.3% was observed, at H—Ab kOc and 
T = 20 K, for a LuNi2B2C single crystal with RRR=25 
{H parallel to the tetragonal c-axis)j3 i.e. the value of 
MR for our LuNi2B2C polycrystalline sample is about 3.5 
times higher, than that of this single crystal. The value of 
MR (7.5%) reported in Ref. | for YNi2B2C single crystal 
with RRR=18 {H \\ c) is comparable with that found for 
investigated YNi2B2C sample. High values of MR can be 
considered as an additional indication of the high qual- 
ity of our annealed samples, because the value of MR for 
the unannealed sample is approximately 40 times smaller 
(see Table |) . It should be also noted that the impurities 
of magnetic rare earths, the concentration of which could 
be greater in Lu-based sample than in Y-based one, can 
not lead to the increase of MR, because the introduction 
of magnetic ions to nonmagnetic substance (e.g., boro- 
carbide lattice) gives the negative contribution to MR 
due to decrease of spin-disorder scattering in a magnetic 
field, see, e.g., Refs. 0,|l6|. 

A possible reason for the very large positive MR in 
LuNi2B2C and for the significantly larger MR of the poly- 
crystalline sample compared to the single crystal in Ref. 
P is the formation of open orbits on the Fermi surface 
of that compound for _ff _Lc. (In principle the possibil- 
ity of the formation of open orbits for boroearbides was 
pointed out in band structure calculations .BB In Ref. ||, 
e.g., it was claimed that one part of the Ferpi surface is 
a cylinder along the c-axis.) It is well knownc^ that open 
orbits can lead to large values of MR ex iJ^, whereas 
closed orbits should give rise to saturation of magne- 
toresistance for large H. In that case, for polycrystals, 
the averaging of MjR. should lead to a practically linear 
Pxx (H) dependence^ (so called Kapitza's law) . In accor- 
dance with this, the observed Pxx{H) dependences for our 
LuNi2B2C PC AN sample follow approximately a linear 
law, see Fig. |^. The MR(iJ) dependence for polycrystals, 
in the case of open orbits for some directions of if, should 
be stronger than that observed for single crystals for H\\c 
where only closed orbits could be expected. Therefore, 
the significantly larger MR found for the LuNi2B2C poly- 
crystals, in comparison with that observed for the single 
crystal for H\\c, can be considered as an indication for the 
open-orbits formation in LuNi2B2C for HJ^c. Investiga- 
tion of the MR in high fields for LuNi2B2C single crystals 
with the two configurations (i) j || c and H L c and (ii) 
j ± c and ii^ II c are necessary to check this conclusion. 

The nonlinear pxy{H) dependence and the large MR, 
found in this study, as well as the anisotropy of Hc2 in 



the a6-plane,ffl earlier reported for LuNi2B2C, may be 
caused by the same reason, namely, by peculiarities of 
its electronic structure. It should be underlined, that all 
these anomalies are absent for YNi2B2C. (For YNi2B2C 
a linear pxy{H) dependence and a substantially smaller 
MR can be seen in Fig. [7|and only a very small anisotropy 
of Hc.2{T) were reported in Refs. HJy.) The differences in 
the properties of these very similar compounds should be 
connected with difference between their electronic struc- 
ture. As has been noted in Ref. g the Fermi surface 
topology of the borocarbides is very sensitive to the po- 
sition of the Fermi level, which may be slightly different 
for the two cases, Lu and Y, due to, e.g., different lattice 
constants. From the obtained results the formation of 
open orbits seems to be easier in case of LuNi2B2C in 
comparison with YNi2B2C. Nevertheless only the com- 
parative study of LuNi2B2C and YNi2B2C single crystals 
(e.g., investigation of the angular dependence of MR in 
high fields) can give definitive verification of the proposed 
model. 

Theoretically, it is more convenient to describe the be- 
havior of the Hall effect in terms of the conductivity ten- 
sor rather than by the resistivity one, see, e.g., Ref. |5^. 
As shown in the inset of Fig. ^, the nonlinearity in the 
dependence on magnetic field of the Hall conductivity, 
(Txy{H), in the normal state for LuNi2B2C is even more 
pronounced than the nonlinearity in the Hall resistivity 
curve Pxy{H) {a^y = Pxy/plx^ Pxx » \Pxy\)- K is inter- 
esting to note that a^y for LuNi2B2C becomes practically 
independent of the magnetic field for H = 80-;-160 kOe, 
at T = 4.5^20 K (see Fig. 0A). The nonlinear Pxy{H) 
dependence and the large MR of LuNi2B2C are proba- 
bly closely connected and result in a practically constant 
axy{H) at high magnetic fields. The reason why Uxy is 
independent of H for high fields, resulting in p^y ~ p^.^ iii 
the normal state ^ is not yet understood. (It is notewor- 
thy that pxy ^ Pxx scaling in the normal state state was 
earlier observed fcu:-the superconducting heavy fermion 
compound UBcisEj) At the same time the Hall con- 
ductivity of YNi2B2C has only a slight nonlinearity at 
T=20 K (see the inset of Fig. 0B). Only at r=4.5 K 
and 3.3 K some tendency for saturation in a^yiH) de- 
pendences was observed in high fields. 



D. Mixed state Hall effect 

In the mixed state, the variation of the Hall resistiv- 
ity with magnetic field for both compounds can be de- 
scribed as follows: below Tc in low fields there is Pxy—Q 
as can be seen from the pxy{H) curves at, e.g., r=10 K 
(Fig. I^A-C ). At higher fields (in the region close to the 
resistive superconducting transition) the Hall resistivity 
increases in the absolute value and gradually reaches the 
Pxy{H) curve obtained in the normal state at tempera- 
tures slightly higher than Tc- For YNi2B2C the normal 
state pxy{H) dependence is very close to linear (see the 



curve obtained at r=40 K in Fig. ||C). At the same time, 
for both LuNi2B2C samples the normal state pxy{H) de- 
pendences have a nonlinearity with negative curvature. 
This nonlinearity, as it was pointed out above, is more 
pronounced for the annealed sample, see Fig. HA and B. 
The Hall resistivity curve pxy{H) in the mixed state shifts 
with increasing temperature to lower magnetic fields sim- 
ilar to the behavior usually observed for the longitudinal 
resistivity curve Pxx{H). Simultaneously the pxy{H)miA 
Pxx{H) transitions are shown in the insets of Fig. g for 
all samples. Their comparison is discussed below. 

For LuNi2B2C as well as YNi2B2C no sign reversal 
of pxy{H), typical for high- Tc superconductors, was ob- 
served below Tc- The sign of the Hall resistivity is nega- 
tive in the mixed as well as in the normal state. It should 
be noted, that for high- Tc superconductors not only the 
hole-like materials, but also the electron-like ones usually 
experience sign reversal of the Hall effect (see, e.g., Ref. 
P5|) . The behavior of the two LuNi2B2C samples with 
significantly different quality (the RRR value for the PC 
UNAN is only ^3) in the mixed state is quite similar. 
Also the behavior of YNi2B2C in the mixed state is sim- 
ilar to that of LuNi2B2C. Therefore, the absence of the 
sign reversal of the Hall effect seems to be an intrinsic 
property of the investigated borocarbides. This result 
has been obtained on polycrystalline samples, but, as has 
been discussed above, the anisotropy of the electronic 
properties of borocarbides is small, and the quality of 
our annealed samples is high. Therefore, this conclusion 
should remain true also for the borocarbide single crys- 
tals. (For high- Tc superconductors, having considerably 
higher anisotropy in electronic properties, sign reversal in 
the Hall effect was observed usually for both poly- and 
single crystalline samples of the same system.) 

In order to understand the absence of sign reversal in 
the pxy for the investigated borocarbides, the foUoffiinft 
physical picture of the Hall effect in the mixed stat(£3'L£l 
can be used: there are two contributions to the Hall con- 
ductivity a^y in the superconducting state: 



'xy 



(4) 



where (T„ is connected with normal quasiparticles that 
experience a Lorentz force in the vortex core (it is ex- 
pected to be proportional to H) and age is an anoma- 
lous contribution connected with the motion of vortices 
parallel to the electrical current density j. In Refs. ^ 
and ^ it was claimed that age ~ ^/H and could have a 
sign opposite to that of cr„. Therefore, at low magnetic 
fields, the asc{H) term is more essential but at higher 
fields CT„(-ff) will be dominant. If CTsc has a different sign 
than (T„ it is possibler-tn-observe a sign reversal in the 
Hall effect at T < TcMN Eq. (|) was verified and the 
term (jgc ^ l/H was observed, e.g., for YBCOEd For 
LuNi2B2C and YNi2B2C the Hall conductivity decreases 
with increasing H, as can be clearly seen in the insets 
of Fig. |7| for the a^y vs. H curves at T < Tc. At the 
same time it should be pointed out, that observed axy 
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FIG. 8. j pxy \ vs. pxx for the annealed (A) and unannealed 
(B) LuNi2B2C as well as for the YNi2B2C (C) samples. In the 
insets [ pxy \ and pxx vs. magnetic field are simultaneously 
shown for r=10 K. 



vs. H dependences seem to change more rapidly, than 
1/ H. A similar behavior was observed for cuprates, see, 
e.g., Refs. plpJl . Therefore, the mechanism of the mixed- 
state Hall effect connected with vortex moticm- seems to 
work for borocarbides as well. In the theoryE3 the sign 
of the Hall effect in the mixed state is determined by 
the energy derivative dN{Q)/d^ of the density of states 
iV(0) averaged over the Fermi surface. For a compli- 
cated Fermi surface which has electron-like and hole-like 
parts the signs of a^y in the normal and in the mixed 
states may be different. In the phenomcnological the- 
ory, based jJMi Ginsburg-Landau equation and its gauge 
invariance,EZl the sign of the Hall conductivity is deter- 
mined by dhiTc/dfj,, where n is the chemical potential. 
In any case, the sign of the Hall effect in the mixed state 
depends on the details of the band structure (see also 
Ref. ^8|). From our results it follows, that, contrary to 
the case of high- Tc superconductors, the signs of an and 
asc for borocarbides are the same (see the insets of Fig. 
^. This seems to be the reason for the absence of sign 
reversal in the Hall effect in these borocarbides. 

In the mixed state two regions concerning the behav- 
ior of pxy and pxx can be distinguished. At low magnetic 
fields both p^y and pxx vanishes. For higher fields it 
is clearly seen that the scaling behavior \pxy\ — -^Pxx 
holds for all three samples (see Fig. ^. The values of (3 
arc 2.0±0.1 and 2.1±0.1 for Lu- and Y- based annealed 
samples, respectively. It decreases to 1.7±0.1 for unan- 
nealed LuNi2B2C sample having a one order of magni- 
tude higher resistivity at T=17 K. This may be connected 
with an increase of pinning strength for the PC UNAN 
due to the considerably larger concentration of defects 
leading to the larger resistivity of this sample. The de- 
crease of the scaling exponent with increasing pinning 
strength was obtained in the WDT theorya taking into 
account the backfiow current of vortices due to the ef- 
fects of pinning. Another manifestation of the pinning 
effects, predicted by the WDT model, can be seen in the 
insets of Fig. || where the pxy{H) and Pxx{H) curves in 
the superconducting transition region are simultaneously 
shown. For decreasing fields, pxx vanishes at definitely 
lower values of H than \pxy\ for all three samples. The 
same behavior was described by WDT taking into ac- 
count the effect of pinning. In accordance with Ref. M, 
the Hall resistivity can be observed only in the fiux fiow 
regime of superconducting transition. Prior to the flux 
flow, the longitudinal resistivity may become finite due to 
flux creep at finite temperature, while the Hall resistivity 
is still zero. (Vortices in the flux creep regime are pinned, 
and they are only able to creep along the j x B direction 
assisted by thermal activation. Creep of flux lines in this 
direction, in accordance with Eq. (g), does not lead to 
a Hall voltage.) From the obtained results it is obvious, 
that pinning effects are considerably important for the 
mixed state Hall effect in the investigated borocarbides. 
However, as for high- Tc cuprates (see, e.g., Refs. pOpl| ) 
not only pinning effects will govern the mixed-state Hall 
effect in borocarbides. 



IV. CONCLUSIONS 

We have investigated the Hall effect for LuNi2B2C 
and YNi2B2C borocarbides in the normal and in the 
superconducting mixed state. A negative and only 
slightly temperature-dependent low fleld Hall coefficient 
was found for both compounds above Tc- The value 
of the Hall coefficient Rh is about one order of mag- 
nitude smaller, than that resulting from band structure 
calculations .□ A pronounced nonlinearity in the fleld de- 
pendence of the Hall resistivity, pxy{H), was found for 
LuNi2B2C in the normal state below 40 K accompanied 
by a very large positive magnetoresistance MR. An only 
linear Pxy{H) dependence was observed for YNi2B2C. 
The possibility of open-orbits formation on the Fermi 
surface for i/ ± c is pointed out for LuNi2B2C contrary 
to YNi2B2C. Measurements of the angular dependence 
of MR in high magnetic flelds for Lu- and Y-based sin- 
gle crystals are necessary to check the proposed model. 
In the mixed state the behavior of Lu- and Y-based boro- 
carbides is quite similar. Scaling behavior, pxy ^ p^x: 
was observed but no sign reversal, typical for high-Tc 
superconductors, was found for them. The scaling expo- 
nent P is 2.0 ±0.1 for the annealed LuNi2B2C sample, it 
decreases to 1.7 ± 0.1 for the unanncaled one, which, in 
accordance with the WDT theory, can be attributed to 
the increase of the pinning strength. 
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TABLE I. Resistivity p^x at 300 K and at 17 K, residual resistance ratio RRR, critical temperature Tc, transition width 



ATc, \dHc ^ /d T\ and magnetoresistance MR for LuNi2B2C and YNi2B2C polycrystals 
from Refs.||j|J3,|) 



our results) and single crystals (data 







Polycrystals 








s: 


ingle crystals 










Lu 


Y 


Lu" 


Lu 


Lu 


Lu 


Lu 


Y 


Y 


Y 




annealed 


UN 


[55l 


[^ 


[7 


[■1 


[55| 


[^ 


[^ 


p,4300 K) (^ncm) 


110 


50 


134 


68 


47 


36 




108 


67 


36 


Pxx{n K) (Atficm) 


2.7 


2.3 


43 


2.5 


1.9 


1.6 


1.7 


2.5 


3.8 


2.1 


RRR 


41 


22 


3.1 


27 


25 


23 




43 


18 


17 


T, (K) 


16.7 


15.5 


14.7 


16.5 


16.1 


16.0 


15.8 


15.7 


15.6 


15.7 


ATc (K) 


0.27 


0.44 


0.6 


0.2 


0.25 






0.2 


0.25 




\dH,JdT\ (kOe/K)*^ 


6.8 


6.0 


5.8 


6.4 


6.2 




6.7 


7.1 


6.1 




MR(20 K,50 kOe) (% ) 


25 


10 


0.7 




7.3=^ 








7.5=^ 




MR(20 K,160 kOe) (% ) 


90 


33 


2.3 

















"Unanneled (PC UN AN) LuNi2B2C sample. 

''For details of the \dHc2/dT\ determination for different samples, see text. 

'^The value obtained at r=20 K and //=45 kOe {H \\ c). 

•^The value obtained at r=15 K and ii'=45 kOe {H \\ c). 
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